Abstract: Poly(vinyl alcohol) (PVA) nanofibres were obtained by electrospinning of PVA/water solutions. Formation of beaded fibres combined with decreased fibre diameters was observed for low PVA concentrations. Electrospinning of blends of PVA of different molecular weight resulted in less bead formation and smaller fibre diameters as compared to corresponding homopolymers of similar viscosity.
Introduction
Progress in the preparation of nano-shaped materials is motivated by advanced applications in the fields of separation, catalysis, medicine, electronics, optics etc. An important area of nano-shaped materials is represented by polymer nanofibres. Efficient and versatile technologies for the preparation of fibres on a diameter scale < 100 nm is still a challenge. A versatile technology for the preparation of polymer nanofibres is represented by electrospinning, which is known since the early 1930's [1] . After a period of low research activities, interest in electrospinning has been reactivated by the work of Reneker's group [2] . Since then an exponential growth of interest in electrospinning has been observed, which has led to new electrospun fibre materials and new potential applications of electrospun fibres [3] . However, control of the electrospinning process relies mostly on empirical data up to now. Basically, electrospinning is observed when a high electrical field is applied to a polymer solution or polymer melt. In a typical experimental set up a polymer solution or melt in a syringe with a metal needle and a counter electrode is placed in an electrical field. Under the action of the electrical field the polymer solution or melt forms a jet, which is elongated by whipping action and solvent evaporation / solidification of the melt into ultrathin fibres. Several parameters, like solution viscosity, the electrical conductivity of the solution, polymer-related parameters like the glass transition temperature, the solubility, the molecular weight, and the molecular weight distribution, solvent parameters like the vapour pressure, the polarity, the surface tension, and other parameters like the electrical field, the atmospheric pressure, and the atmospheric humidity may influence the electrospinning process. The manifold set of parameters complicates the understanding of the electrospinning mechanism, although some versatile models have been already suggested [4] . In order to gain a better understanding of the influence of processing parameters on the electrospinning process, systematic studies on a wide variety of polymer / solvent systems backed by quantitative data have to be undertaken. Recently, it was shown that the polymer concentration in solution, the charge volume density of the solution, and the surface tension play an important role for the fibre morphology and the fibre diameter [5]; Fong et al. [5a] tried to correlated the parameters with resulting fibre morphology. An analytical model combined with experimental data for the prediction of fibre diameters was reported in ref. [6] . In a previous study we reported on the preparation of ultra-thin poly-L-lactide (PLA) fibres by electrospinning as templates for polymer nanotubes [3i] . Simultaneously, Chu et al. reported on electrospinning of PLA under varying conditions and pointed out that continuous PLA fibres were obtained only at concentrations above 20% [7] , which is in contrast to our previous results, probably due to the choice of the solvent. These different findings again show the importance of systematic studies in particular for important polymer systems like PLA, which is relevant for a variety of applications of electrospun fibres including tissue engineering, drug release, and templating (see, e.g., ref. [3f-i,k,m,n] ).
In this report we would like to present a systematic investigation of the impact of the molecular weight of PVA, another important polymer, at different concentrations and the effect of blending of PVA samples of different molecular weight. 
Results and discussion
PVA fibres were obtained by electrospinning of PVA/water solutions with different molecular weights of PVA (measured by viscometry): PVA 56-98: M w = 195 000, PVA 20-98: M w = 125 000, and PVA 10-98: M w = 100 000. The effects of M w on process parameters are summarized in Tab. 1.
As expected, viscosity is increased by increasing the molecular weight of PVA and the concentration of PVA in solution. Electrical conductivity is unaffected by M w but gain in electrical conductivity is obvious by increasing PVA concentration. Surface tension decreased slightly with increasing molecular weight. As a result of these parameters cylindrical PVA fibres with diameters ranging from 350 -700 nm were obtained from 8% PVA with higher M w (56-98, Fig. 1A ). As compared to this, 8% PVA with lower M w (10-98, Fig. 1C ) gave thin fibres (50 -150 nm) but with numerous beads. PVA of lower molecular weight at lower concentration resulted in round and much larger beads ( Fig. 1E-F) . Similar correlations of bead formation and polymer solution concentration were observed with PEO [8] and PLA [9] . It is clear that mixing of two PVA solutions of the same concentration did not change the solution concentration, the electrical conductivity and the surface tension of the solutions, but changed their viscosity. The viscosity of the mixed solutions decreased dramatically by increasing the content of the low-molecular-weight component (PVA 10-98), (Tab. 2), which in turn resulted in significantly decreasing fibre diameters (Fig.  2) . It is remarkable that bead formation was depressed significantly for all samples including those with high content of PVA 10-98 (e.g., Fig. 2E-G) . Fibres with diameter ranging from 350 -700 nm were obtained for the PVA mixture with blending ratio of 100:0 ( Fig. 2A) , while fibres with diameter ranging from 100 -250 nm were obtained for the PVA mixture with mixing ratio 40:60 (Fig. 2G) .
In order to gain insight in the role of molecular weight and molecular weight distribution electrospun fibres originating from a blend of 56-98 and 10-98 were compared to fibres of pure 20-98. Comparison of 8% PVA 20-98 solution and 8% PVA 56-98/ 10-98 (40:60) solution (a mixture of 8% PVA 56-98 and PVA 10-98 with mixing ratio of 40:60) showed that both solutions had almost the same electrical conductivity, surface tension, and viscosity (Tab. 2). However, beaded fibres were obtained from the pure PVA 20-98 solution (Fig. 2H) , whereas cylindrical and smooth fibres were obtained from the PVA 56-98/10-98 (40:60) solution (Fig.2G) .
Gel permeation chromatograms (GPC) were measured of PVA 10-98 (M w /M n = 2.00), 20-98 (M w /M n = 2.34), and 56-98 (M w /M n = 2.48) homopolymers and the blend 56-98/ 10-98 (40:60) in water in order to gain a better view of the molecular weight distributions, which obviously has a strong influence on the shape of the resulting fibres. It is obvious that blending of 56-98/10-98 (40:60) resulted in a bimodal molecular weight distribution (M w /M n = 2.62) covering the molecular weight range of PVA 56-98 to PVA 10-98, whereas the homopolymers exhibited a monomodal molecular weight distribution (Fig. 3) . The bimodality of the blend sample is obvious from the shoulder in the GPC trace. A clear splitting into two distinct maxima is not possible due to the limited resolution of the GPC columns used here. Fig. 3 . GPCs of PVA 10-98, 20-98, 56-98, and a blend of 56-98/10-98 (40:60) in water at 20°C
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Experimental part
Materials and methods
PVA (Mowiol), M w = 195 000, 125 000, 100 000, degree of hydrolysis 99% (Clariant) was used as received. Deionized water was used for preparation of PVA solutions.
The viscosities of PVA solutions were measured at 20°C using a Hoeppler Viskosimeter B984 (Haake, Karlsruhe).
GPCs of PVAs were measured on PSS columns in water (0.1% NaNO 2 ) at 20°C and a flow rate of 0.5 ml/min using a refractive index detector.
Electrical conductivities of PVA solutions were measured at 25°C using a conductometer inoLab Cond Level 3 with detector LR 325/001 (Wissenschaftlich-Technische Werkstätten GmbH).
Surface tensions of PVA solutions were measured at 20°C by using a Dataphysics DCAT 11 dynamic contact angle meter and tensiometer. Results were calculated by means of software SCAT 12.
Characterization of the morphology of PVA fibres was performed using a scanning electron microscope (SEM) CamScan 4 microscopy at 15 kV accelerating voltage as well as a Hitachi S-4100 operated at 1 kV accelerating voltage. The fibre diameter distribution was analyzed by means of the software ImageJ.
Electrospinning
The electrospinning set-up used in this study has been previously described in detail [3f] . A variable high-voltage power supply, which can produce voltages ranging from 0 to 55 kV, was used for electrospinning. It consists of a 20 kV positive power supply (LNC 20000 -3 pos, Heinzinger, Germany) and a 35 kV negative power supply (HCE 7-35000, fug, Germany). The polymer solution was filled into a 20 ml syringe attached with a blunt steel needle of 0.3 mm inner diameter. A round steel plate (diameter 18.5 cm, thickness 1 cm) as counter electrode was placed in a distance of 18 cm from the needle tip. A glass plate was placed over the counter electrode as collecting substrate. The positive power supply was attached to the needle and the negative power supply was attached to the counter electrode. PVA aqueous solutions were prepared by strongly stirring PVA powder in water at 95°C for at least 3 h. PVA nanofibres were obtained by electrospinning from PVA aqueous solutions under the following conditions: electrical voltage 55 kV, distance between the needle and the collector 12 cm, room temperature, air atmosphere.
Conclusions
Electrospun PVA fibres exhibit increasing amounts of beads along the fibre axis with decreasing PVA concentration in water and thereby decreasing solution viscosity, which seems to be a common phenomenon in electrospinning for many polymer systems. Bead formation can be depressed by increasing electrical conductivity of the solution or by addition of salts as shown previously by others and us. We found here that bead formation can also be depressed by certain blend compositions of PVA. It is obvious from comparison with unblended PVA of comparable viscosity that solution viscosity is not the only governing parameter for bead formation. As some blends of PVAs of different molecular weight showed much less tendency to bead formation it can be speculated whether plastification by the low-molecular-weight component prevents bead formation. If this hypothesis is correct the use of blends of low and high boiling solvents or plastification additives should have a similar effect. Investigations on this issue will be the topic of a forthcoming paper.
